ABSTRACT A novel linearly dual-polarized antenna array with triple elements is proposed for beamwidth reconfigurable base-station communications. By cutting off the arc-shaped corners on the radiated patches, the single dual-polarized antenna unit can obtain a wide bandwidth of 78.4% for SWR ≤ 2, ranging from 1.63 to 3.73 GHz for 2G/3G/LTE and 3.5-GHz C-band (3.4-3.6 GHz) applications. In addition, with the box-shaped reflector and the inherent characteristic of the ME dipole antenna, the average gain of the dualpolarized antenna element is about 11.5 dBi. Finally, by employing a two-stage circuit with several power dividers, a three-element antenna array with a widely adjustable beamwidth in both the E-plane and H -plane is investigated, which could meet the demand of the future smart applications.
I. INTRODUCTION
Due to the outstanding advantages such as combating the multipath fading, reducing the number and size of antennas, etc., dual polarized antennas have been widely studied and used in modern mobile communication systems. For basestation antenna designs, a wide bandwidth with stable high gain is an extremely important factor affecting the channel capacity and transmission distance. Hence, many dual polarized base-station antennas have been proposed to meet the stringent requirement [1] - [4] . In [1] , two Y-shaped feeding lines cooperate with four folded dipoles to obtain an impedance bandwidth of 27.8% (1.7-2.25 GHz) for 2G/3G applications. A differential cross-shaped feeding structure together with additional rings near the radiated patches have been employed to obtain a wider bandwidth of 52% and a better port isolation of more than 26.3 dB [2] . By introducing the asymmetrical magnetic coupling structures, a port isolation better than 45 dB over the frequency band of 2.35-2.85 GHz can was reported [3] . In addition, in order to provide anti-interference feature, two orthogonal dipoles in cross pair and C-shaped stubs placed near the feeding line was presented [4] , a wide bandwidth of 52.6% along with a sharp notch band from 2.27 to 2.53 GHz can be obtained to cover the 2G/3G/4G bands. Although many excellent characteristics have been obtained by the above studies, their operating bandwidths are unable to meet the demand of future 5G application [5] .
Recently, a great deal of attention has been attracted to the wide beamwidth reconfigurable antennas. By dynamically adjusting its radiation beamwidth, the spectrum utilization can be improved and the communication congestion can also be effectively mitigated [6] - [9] . In [6] , two long and two short dipoles together with a reflector are designed to obtain a stable 3-dB beamwidth of 63.3 ± 2.9 degrees in H-plane. Furthermore, by using the trapezoid-shaped plane ground and three shorted walls at different altitudes, a beamwidth of 120 • in H-plane can be obtained by the modified magnetoelectric (ME) dipole antenna [7] . For flexible adjustion, a three-element ME dipole array is proposed to realize beamwidth reconfiguration, whose beamwidth in the H-plane can be switched between the 37 • and 136 • [8] . Moreover, by introducing four parasitic radiated patches and some connected variable capacitors near the ME dipole antenna, a continuously tuning range from 72 • to 133 • in H-plane can be achieved [9] . However, these reconfigurable antennas suffer from either narrow bandwidth or narrow tunable beamwidth in a single radiation plane.
In this paper, a three-element dual-polarized antenna array with wide bandwidth, high gain and wide adjustable beamwidth in both the E-plane and H-plane is proposed. Firstly, by cutting off the arc-shaped corners on the radiated patches, a wide impedance bandwidth of 78.4% for SWR ≤ 2 can be obtained for the future 5G communication frequency band. In addition, with the box-shaped reflector and the inherent characteristic of the ME dipole antenna, a high gain of about 11.5 dBi can also be achieved by a dual-polarized antenna element. Furthermore, the gain of the three-element array can be enhanced to 17.3 dBi. Finally, by employing a two-stage tunable circuit with several power dividers, a threeelement beamwidth reconfigurable antenna array with widely adjustable features is attained, which ranges from 24 • to 97 • in H-plane for port 1, and from 22 • to 100 • in E-plane for port 2 over the whole operating frequency band, respectively. In the following sections, this promising reconfigurable antenna for future 5G base-stations will be detailed. 
II. ANTENNA GEOMETRY AND WORKING MECHANISM
The geometry and detailed dimensions of the dualpolarized magneto-electric dipole antenna element are shown in Fig. 1 and Table 1 , respectively. The proposed ME dipole element consists of two pairs of electric dipoles with arcshaped corners cut off, two vertically oriented shorted-wall patches, two orthogonal η-shaped feeding line and a boxshaped reflector. The radiated patch of the antenna has a square shape with a dimension of 29.7 × 29.7 mm 2 (L × L). The height of the shorted wall is 29.6 mm. The gap between two vertical walls is 6.5 mm (S). In order to excite the antenna and obtain high isolation, the two orthogonal η-shaped feeding lines are separated by a height of 2.5 mm (F tau ). Noting that the orthogonal parts of the feeding line are decreased to obtain the better isolation and impedance matching. The reflector with an optimized height of 35 mm (P) helps to suppress the beam division and improve the gain. Inspired by the literatures [8] and [10] , the geometry of three-element dual-polarized antenna array with tunable beamwidth is shown in Figs. 2 and 3 . The linear array generally consists of three dual-polarized antenna elements which are mounted on a rectangular ground plane and fed by a three-way feeding network. The feeding network built on a 0.787-mm-thick Rogers dielectric substrate (ε r = 2.33) is mounted underneath the ground plane as described in Fig. 3(a) . The feeding network can be divided as two stages. Firstly, the first three Wilkinson power dividers are used to broaden the impedance bandwidth and equally allocate the power. Secondly, the following two Wilkinson power dividers are only used in the input ports to allocate the power distribution of 1:2:1 for output ports 1 to 3. The following adjustable phase shifter can achieve a switched phase difference β (0 • and 110 • ) between Port 1 (or Port 3) and Port 2. The schematic diagram of the feeding network is shown in Fig. 3(b) . Furthermore, according to [11] , the main beamwidth of the antenna array can be varied due to the phase difference of the parallel antenna elements. Fig. 4 shows the ideal radiation field principle of the antenna array in the same polarized direction. Here, the antenna elements are arranged along the y-axis with an interval d. They can be described as the following formulas (assuming Ma 1 = Ma 3 = a 2 ,
where F(θ), a n , ψ n (n = 1,2,3), f (θ ) represent the radiation field in the yoz-plane, the amplitudes, the phases and the radiation pattern of a single antenna element, respectively, in formula (1), while AF and M stand for the array factor and the multiple, respectively, in formula (2). Hence, a smaller beamwidth value and a larger one can be switched between path 1 and path 2 by a switch. Different from [8] , the switch paths are reduced to two ways. In addition, the proposed feeding network can provide much wider bandwidth and dual polarized operation. As a result, both the adjustable E-plane and H-plane beamwidths can be obtained.
III. PARAMETRIC STUDY AND RESULT DISCUSSION
In order to study how the antenna performances are affected by the structures and the dimensions, such as wide impedance bandwidth, wide H-plane, and diversity performances, etc., some critical parameters are investigated by ANSYS electromagnetic simulation software High Frequency Structure Simulation (HFSS) [12] . In addition, the antenna prototype was fabricated and measured to verify the results, as shown in Fig. 5 .
To understand the antenna operation, the current distributions on the radiated electric patches from the two input ports in a period are depicted in Fig. 6 . For port 1, at time t = 0, the currents on the radiated patches achieve the strongest intensity and are dominated in the minus y-direction, whereas the currents on the surfaces of the magnetic dipoles get the minimum strength. Then at time t = T/4 (where T is a period of time), the currents on the radiated electric patches become minimum and turn to the minus x-direction, whereas the currents on the surfaces of the magnetic dipoles get the maximum strength and are dominated. At time t = T/2, the currents on the radiated patches attain the strongest intensity and are dominated in the positive y-direction, whereas the currents on the surfaces of the magnetic dipoles changes to the minimum strength. Finally, at time t = 3T/4, the currents on the radiated electric patches turn to the minimum intensity and turn to the positive x-direction again, whereas the currents on the surfaces of the magnetic dipoles get the maximum strength and are dominated. That is to say, the electric and magnetic dipoles alternate in domination to work together and hence complementary unidirectional pattens can be obtained in a period. For port 2, the varied condition is similar to port 1 except that the polarized direction is vertical to port 1. The phase difference between the equivalent electric and magnetic dipoles is 90 • and they are orthogonal to each other. As a result, wide frequency bandwidth and low back lobe radiation pattern can be obtained. Fig. 7 shows the effect of the number of the multilevel power dividers. It can be easily seen that, as the frequency increases, the central resonance frequencies move to the upper frequency band. In the meantime, the bandwidth (S 11 ≤ 10) gets wider. However, the high order of harmonic frequencies increase sharply and cannot cover the lower frequency band of 2G communication. In order to obtain a wide enough frequency bandwidth and keep harmonic frequency stable for the 2G/3G/LTE/5G communication (eg. 1.71-2.69 GHz and 3.4-3.6 GHz) at the same time, the triple-level power divider is chosen for the first stage of the feeding network. Fig. 8 shows the effect of radiated patch in different shapes. Compared to the other two different shaped patches, by using the proposed arc-shaped patches, the SWR curves of both port 1 and port 2 cover the widest bandwidth and are more stable. Consequently, the corresponding gains are more stable and much higher than the others, especially in the upper frequency band. Besides, different shaped horizontal coupling strips are compared in the aspects of port isolation and SWR, as shown in Fig. 9 . It can be observed that by cutting a pair of rectangular notches on the horizontal coupling strips, the isolation can obviously be improved about 5 dB on average, while there is no significant change in the SWR curves. Fig. 10 shows the SWR and gains of a single antenna element in both ports. As depicted, the simulated and measured bandwidth range from 1.56 to 3.78 GHz, and from 1.63 to 3.73 GHz, respectively. Both of them cover the 2G/3G/LTE and 3.5-GHz C-frequency band. Over the whole operating frequency band, the corresponding simulated and measured gains vary from 10.5 to 12.3 dBi, and from 10.1 to 12.9 dBi', respectively. The gain is stable and high enough for the basestation communication. As shown in Fig. 11 , both of the simulated and measured front to back ratios (FBR) of the two ports are larger than 20 dB, whereas the simulated isolation and measured are under −28 dB and −25 dB, respectively, in the whole working frequency band. The trends of the curves are almost identical except some light frequency shifts. For a dual polarized base-station antenna, the isolation should be under −25 dB. Hence, the proposed antenna can meet the anti-interference demand. Fig. 12 shows the radiation patterns of the single antenna element over the entire operating band. As depicted, the stable and nearly identical radiation patterns in both E-and H-planes can be achieved. The cross polarized levels are all below −22 dB over the operating frequency band. The measured results are in accordance with the simulated ones. In order to showcase the matching and radiating performances, the SWR and gains of the dual-polarized antenna array at different modes are shown in Fig. 13 . At mode 1, the simulated bandwidth ranges from 1.84 to 3.68 GHz with a gain varying from 12.5 to 16.8 dBi, while the measured bandwidth ranges from 1.73 to 2.77 GHz', and from 3.2 to 3.68 GHz with a gain varying from 12.9 to 16.6 dBi, respectively. Similarly, at mode 2, the simulated bandwidth ranges from 1.91 to 3.88 GHz with a gain varying from 8.8 to 14 dBi, while the measured bandwidth ranges from 1.69 to 3.06 GHz, and from 3.15 GHz to 3.71 GHz with a gain varying from 8.9 to 14 dBi, respectively. In comparison with the antenna element, the working frequency band of antenna array slightly moves towards the upper frequency. Fig. 14 shows the 3-dB beamwidth in the E-and H-planes at different frequencies and different modes. The results can be summarized in Table 2 . The measured results agree well with the simulated ones except some fabricated errors. It can be seen that, for port 1 at mode 1, the measured beamwidth in the E-plane is 56 • ± 4.3 • with a gain of 13.8 ± 2.8, while the beamwidth in the H-plane is 26 • ± 2.1 • . The condition of port 2 at mode 1 is just opposite to port 1 at mode 1. On the other hand, for port 1 at mode 2, the beamwidth in the E-plane is 60 • ± 6.6 • with a gain of 11.6±2.4, whereas the beamwidth in the H-plane is up to 92 • ± 4.8 • . The condition of port 2 at mode 2 is also opposite to port 1 at mode 2 with a slight variation. In other words, for port 1, the 3-dB beamwidth in H-plane can vary on a large scale, while the one in the E-plane keeps stable. The condition of port 2 is the exact opposite. Furthermore, Fig. 15 shows the simulated and measured 3dB-beamwidths of the dual-polarized antenna array over the operating frequency band. As shown, for port 1, the measured beamwidth in H-plane varies between 22 • and 100 • , whereas the measured beamwidth in E-plane keeps almost constant at about 60 • . Similarly, for port 2, the measured beamwidth in E-plane varies between 24 • and 97 • , whereas the measured beamwidth in H-plane remains nearly unchanged at about 59 • . The values shown in Table 2 is complementary with Fig. 15 . Therefore, it is suitable to switch beamwidth between the rush and rest times with a result of improving the channel utilization and the green energy saving. Table 3 demonstrates the comparison between the proposed antenna and other referenced base-station antennas in terms of bandwidth, 3-dB beamwidth, dual polarization, peak gain and reconfigurability. As easily observed, the proposed antenna is superior in the widest bandwidth, the wider 3-dB beamwidth in the dual polarization directions, the higher gain and enabled reconfigurability. The concept of the proposed antenna array is similar to the conventional beam-steering phased deviation array. However, the size is much smaller and the structure is more simple.
Owing to its simple design at low cost, the antenna with the above-mentioned superior characteristics is potentially competitive for the smart communication. 
IV. CONCLUSION
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